The electrochemical reduction processes were studied on glassy carbon electrode in molten LiCl-KCl eutectic at 450 °C. There is a consecutive two-step electrochemical process taking place to form metallic indium from the cathodic discharge of indium ions. The process is regarded as: In 3+ + 2e -＝ In + and In + + e -＝ In. The diffusion coefficient of In 3+ ion was determined by chronoamperometry. Mass transport towards the electrode is a simple diffusion process. Metallic indium is deposited on the glassy carbon electrode, which occurs at a potential of around -0.85 V vs. the Ag + / Ag reference electrode. InCl2 forms InCl and InCl3 disproportionately. After a certain time, the CV curves for InCl2 and InCl were essentially the same as the one obtained from the reduction of InCl3.
INTRODUCTION
Indium is an important metal material mainly used in electronics industry. It has no minerals of its own so that it has to be produced as a byproduct of other metallurgical processes. Indium is being identified as a critical metal because it is rare. Due to the scarcity and increasing demand for the metal, it is necessary to consider to separate and recycle indium from secondary sources. Recovery of indium from different sources is critical and helpful in the modern industry. The recovery of indium from waste sputtering targets and the obsolete LCDs have become more and more important because they are a valuable resource, and at the same time they are not environmentally friendly [1, 2] .
Several processes for recycling the waste LCD panels have been proposed, and are mainly based on solvent extraction [3] [4] [5] [6] [7] [8] , chemical precipitation [9] [10] [11] and pyrometallurgy -vacuum methods [12] [13] [14] . Bioleaching [15] and ultrasonic waves [16] are also applied in the indium leaching process. Molten salt electrolysis has been used for metal production for many years and is already a proven technology. There have been some electrochemical studies of indium ions in molten salts. Some researchers [17] [18] [19] observed that electroreduction occurred through only one electrochemical step related to the In (III)/In (I) couple, close to the cathodic limit involving a two-electron transfer. However, some other researchers [20] [21] [22] reported that there were two reversible electron exchange steps to form the intermediate species In (I) in the fused salts from the re-duction of InCl3 solutions to indium metal. They also proved that InCl disproportionation occurred, yielding In and InCl3.
In this work, the stability of the different valence states of indium were studied in the LiCl-KCl at 450 °C. This study is a part of a systematic research into the possibility of the recovery of Sn and In contained in ITO powder. Figure 1 . Schematic diagram of the electrochemical cell Figure 1 show a picture and a schematic drawing of the electrochemical cell. The furnace was a vertical tube furnace controlled by at Eurotherm 902 controller. The tube was made of mullite, and on the top and bottom was water-cooled lids. The electrolyte was contained in a cylindrical pyrex glass or alumina crucible and was situated inside a gas-tight quartz container. At the top of the quartz tube a clamp fitted with 3 rubber O-rings ensured an air-tight assembly between the tube itself and the lid of the tube. There were 7 holes on the lid for the electrodes, temperature probe, gas and the feed tube. The experiments were performed under inert argon atmosphere. To minimize the temperature gradient, a total of 4 evenly spaced alumina radiation shields extended from the crucible up to the top of the tube. In these experiments, 200 g of eutectic LiCl-KCl was used. After the salt had melted around 0.1 mol% metal chlorides were added. The voltammetry studies were performed with an Autolab PGSTA20 computer controlled potentiostat with a 10 A current booster unit connected computer controlled potentiostat. The reduction process on glassy carbon electrode in molten LiCl-KCl eutectic containing InCl3 was studied by cyclic voltammetry. Results are shown in Fig 2. In the pure LiCl-KCl melt, in the anodic domains, the chlorine evolution was observed. During cathodic polarization, lithium intercalation into graphite occurred before deposition of metallic lithium was reported by Xu [23] . Here, metallic lithium deposition started was later than lithium intercalation into glassy carbon occurred. When adding InCl3 to a pure LiCl-KCl eutectic melt, two red/ox couples corresponding to two electrochemical processes were detected at a glassy carbon, A/A' and B/B'. The cathodic wave A associated with the anodic wave A' are related to the In 3+ /In + exchange. Their shapes are characteristic of a soluble-soluble exchange.
EXPERIMENTAL

RESULTS AND DISCUSSION
Study of indium electrodeposition from InCl3 solutions
This wave occurs from -0.14 V. The cathodic peak B and the anodic stripping peak B' are characteristic of a system involving an insoluble product which corresponds to the In + / In system. Metallic indium deposition on the glassy carbon electrode can be seen from the position where the cathodic current B increases, which occurs at a potential of around -0.85 V. It is noticed that there is a slight anodic wave between the two obvious anodic peaks. It is an indication that surface processes may be involved corresponding to desorption of liquid indium. To study the electrochemical behaviour of the A/A' system, cyclic voltammograms were recorded from + 0.2 V to -0.7 V potential range. The peak couple A/A' was investigated by cyclic voltammetry at different sweep rates as shown in Fig 4. As the sweep rate is increased a peak of increasing height develops. A number of parameters can be extracted from such i-E curves, some of which are included in Table 1 . Ep is independent of v. The number of electrons transferred was calculated by using the difference between the peak and half peak potentials as given in equation (1) . The average number of electrons for the first step was determined to be 2 from the data in Table 1 .
Study of In
|Ep-Ep/2|=2.2RT/nF
(1) The peak couple A/A' corresponding to the In (I)/In (III) was confirmed as well as B/B' corresponding to the In/In(I) in Fig 2. Therefore, there is a consecutive two-step electrochemical process taking place to form metallic indium from the cathodic discharge of indium ions. The process is regarded as:
The cathodic peak current density ip of the first cathodic peak was determined and plotted versus the square root of the sweep rate, which is shown in Fig 5. A plot of ip against v 1/2 yields a straight line passing through the origin with the slope 0.081. The result indicates that the transport of the electroactive species at the surface of the electrode was controlled by the diffusion of In 3+ species. It is also possible to calculate the diffusion coefficient for the In 3+ ion from chronoamperometry.
The curves with different applied potentials (-0.25 ~ -0.8 V) were obtained as shown in Fig 6. With increasing applied potentials the current maximum increases. Then the limiting current was determined as a function of time by plotting current versus potentials at various times (4 s -10 s) from the current transients. Therefore, it is possible to observe very good agreement between the different techniques employed. Comparing with Castrillejo's work [24] , The In (III) diffusion coefficients DIn 3+ are 6.5 ± 0.2×10 -6 cm 2 ·s -1 and 6.0 ± 0.2×10 -6 cm 2 ·s -1 on tungsten by voltammetry and chronopotentiometry respectively. In 3+ ion even has a larger diffusion coefficient in molten LiCl-KCl at 450 °C than that in molten equimolar CaCl2-NaCl mixture at 550 °C. 2+ and In + stability The standard free energy ΔG θ for the disproportionation reaction (6) is almost zero at 450 °C and becomes negative above 450 °C [25] . Pure molten InCl2 is not stable at high temperatures and should form InCl and InCl3 disproportionately. This is consistent with the following experiments. 2InCl2 →InCl+InCl3 (6) Fig. 8 shows the cyclic voltammograms of the reduction of InCl2 in the molten LiCl-KCl at 450 °C with and without InCl2. After adding InCl2, in the anodic direction, a new peak A' occurs. This is not corresponding to the depletion of In according to the position of the peak. So In 2+ is probably oxidized [26] . The Raman evidence establishes that InCl2, in the liquid state, and probably also in the solid, has the structure In + InCl4 - [27] .
Study of In
Many voltammograms of the reduction of InCl2 to indium at a glassy carbon electrode at 450 °C are shown in Fig 10. The curves were practically the same as the one obtained from the reduction of InCl3. The standard Gibbs free energy ΔG θ for reaction (7) Fig 11. The reversibility was the same with the test for InCl3 described before.
CONCLUSIONS
There is a consecutive two-step electrochemical process taking place to form metallic indium from the cathodic discharge of indium ions. The onset of the reduction of In 3+ occurs from -0.14 V.
Metallic indium deposition occurs at a potential of around -0. 
